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ABSTRACT
Horizontal Unsaturated Flow Across a Single Fracture
by
Bud J. Benneman
Dr. Michael Nicholl, Examination Committee Chair 
Assistant Professor o f Geology 
University o f Nevada, Las Vegas
Unsaturated flow in a silica rich rock is driven by two primary forces, gravity, which 
drives water downward, and capillarity, which acts in all directions. The balance 
between gravity and capillary forces determines fluid flow. Water in an unsaturated 
silica rich matrix will adhere to the silica particles and through capillary action spread 
out in all directions. Fractures under unsaturated conditions, will act as capillary 
barriers to horizontal capillary flow. This restriction is due to an interruption in the 
continuity o f grains along which water adheres to in the rock matrix. Given adequate 
time and fluid pressure, water may bridge across the fracture to continue flow on the 
downstream side o f the rock matrix. If the system reached saturation, the same 
fractures that inhibited flow will act to increase storage capacity, and transport water 
along the fracture network (Glass et al., 2003). This thesis investigated horizontal 
fluid flow by constructing a working model. This model consisted o f a nearly
111
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homogenous and isotropic quartz rich sandstone slab enclosed in a clear glass case.
In this experiment, water was delivered to the initially dry sandstone slab and allowed 
to saturate the matrix. In a second trial matrix continuity was interrupted through the 
introduction of a fracture into the sandstone slab. This single fracture acted as a 
barrier to unsaturated flow. Water advanced across the matrix in a horizontal 
direction until it made contact with the fracture and stopped. By allowing the 
upstream matrix to saturate, fluid pressure increased until water was able to form a 
meniscus bridging the fracture. Once the meniscus was in place the fracture could 
saturate where the aperture was narrow, allowing flow across the fracture to the 
downstream block. Fractures that were modified to contain fewer contact points and 
a wider aperture, resulted in significant delay o f water advancement in the 
downstream block.
IV
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CHAPTER ONE
INTRODUCTION
1.1 Introduction
This thesis addresses the issue o f how a single fracture influences capillary-driven 
unsaturated flow through a rock matrix. Unsaturated flow in fractured rocks is of 
considerable interest with respect to the protection and development o f water supplies 
in semi-arid regions. These concerns are due to diminishing supplies and possible 
contamination from toxic waste. For example, there is a considerable amount of 
controversy regarding the proposed high level radioactive storage site at Yucca 
Mountain, Nevada, which centers on fractured volcanic rock. Opponents o f  this high 
level nuclear waste disposal facility fear that radioactive contamination may leak 
from storage containers and infiltrate the ground water aquifer through the complex 
fracture network within the unsaturated volcanic tuff (National Research Council, 
1992). A second example is the Idaho National Engineering and Environmental 
Laboratory above the Snake River Plain Aquifer. Radioactive and toxic waste pits 
are situated in unsaturated layered volcanic rocks, which are highly fractured (Nimmo 
et al., 2002). At Hanford, Washington, Cold War Era tanks o f radioactive waste are 
sited on top o f the Colombia River Plateau, which is a thick sequence o f unsaturated 
fractured basalt flows. Toxic waste that has leaked from contaiiunent facilities has
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seeped into the ground. This plateau is a major source o f water for the Colombia 
River (Pruess et al., 2002).
In addition to contaminant issues, unsaturated flow through fractures may be an 
important source o f recharge in metamorphic and plutonic rocks. For example, the 
extreme south-southwestern part o f Baja California, Sur., Mexico, lacks significant 
sedimentary and alluvial material. This region is dominated by crystalline rocks, 
which are recharged through a complex network o f unsaturated fractures. The 
primary source o f surface water is spring discharge along geological faults or from 
highly fractured plutonic rocks into streams along mountain foothills (INEGI, 1986). 
For these and many other applied problems, it is important to understand how 
groundwater moves through unsaturated fractured rocks so that predictive models are 
based on strong science.
At this time, our understanding o f flow through unsaturated fractured rock is 
limited, and current predictive models are based mostly on theory. In order to 
improve predictive models, it is necessary to conduct experiments designed to 
understand the fundamental flow processes at work on the micro-scale, which will 
enhance our understanding o f large scale flow models. The basic process o f fluid 
flow through unsaturated fractured rocks may be categorized as flow within a porous 
rock matrix, flow within the fractures, and the interactions between the fracture and 
matrix flow systems. This thesis addresses the last case, interactions between the 
fracture and matrix flow systems, specifically how a single fracture affects flow 
within the matrix.
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1.2 Overview o f the Problem 
Unsaturated flow is defined as the flow o f water in that portion o f the Earth that is 
between the water table and the land surface (Figure 1-1) (Freeze and Banner, 1970). 
In the unsaturated zone, not all o f the void (pore) space is filled with water. Instead, 
some pores are filled with water and others with air. Unsaturated flow is primarily 
driven by capillarity and gravitational forces. The gravitational force is constant near 
the Earth's surface and independent o f material properties. On the other hand, 
capillary forces are dependent on fluid properties, solid chemistry, and the geometry 
o f the pore space (i.e., holes). The magnitude o f eapillary forces is thus variable, and 
can be much smaller or much larger than the gravitational force. An example o f 
capillary forces exceeding gravity is in a thin glass tube, where water is lifted 
upwards against the force o f gravity. Most Earth materials are hydrophilic, which 
means that water adheres to them rather than being repelled. As a result, water in the 
unsaturated zone is preferentially drawn into small spaces over large ones, which tend 
to be occupied by air. In un-ffactured rock, water occupies a three-dimensional 
network of intercoimected small pores that occur between the grains that make up the 
rock matrix. The size and nature o f these pores varies substantially between different 
rock types and between specific units.
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Figurel-1. Unsaturated zone overlies the saturated zone. Capillary forces in the 
unsaturated zone dispersing water in all directions as indicated by red arrows. 
Modified from USGS, 2002.
1.3 Fractured Rock
Virtually all near-surface rock units are fractured to some degree. Volcanic rocks 
crack as they shrink during cooling and all rock types are subjected to a variety of 
post-formation physical stresses that lead to fracturing. The result is a complex 
network o f interconnected fractures that dissect the rock unit in three-dimensions. 
These fracture networks vary from simple patterns to complex horizontal and vertical 
features that intersect at varying degrees. With respect to unsaturated flow, the 
fractures have very different pore geometry than the un-fractured rock matrix that lies
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between the fractures. The fractures also interrupt the continuity o f the matrix. From 
a capillary perspective, water in a large fracture is likely to be drawn into the smaller 
pores o f  an adjacent matrix. Conversely, water within the pores is unlikely to enter a 
larger fracture. The ability of rock fractures to act as capillary barriers to flow at 
locations where two fractures intersect one another has recently been considered (Su 
et al., 1999, Glass et al., 2003; Wood et al., 2003; Dragila et al., 2004). However, 
these studies have not directly explored the case o f  a fraeture acting as a capillary 
barrier to flow in the rock matrix. Because fractures are ubiquitous in nature, it is 
important to understand how they influence flow within the rock matrix itself.
1.4 Hypothesis
A fracture will act as a capillary barrier and inhibit horizontal unsaturated flow 
within a rock matrix. When the matrix on the upstream side o f  the fracture becomes 
saturated, water may bridge the fracture and continue to flow through the matrix on 
the downstream side o f the fracture.
1.5 Investigative Approach 
A physical model is used to explore the above hypothesis by allowing the 
observation o f capillary flow in a rock matrix and the effects o f a single fracture on 
water flow. The physical model in this thesis was designed to view the effects o f a 
single fracture on capillary-driven flow in the horizontal direction. A fundamental 
design consideration was to restrict the system to horizontal flow, which eliminates 
the competing influence o f gravity and simplifies its interpretation. Simply put, I
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applied water to one edge o f a dry rock slab (sandstone) and tracked horizontal 
advancement o f the wetting front across the unfractured slab. The experiment was 
visually monitored to record the position o f the wetting front as a function o f time. In 
addition, measurements o f electrical resistance were recorded. After drying the 
sandstone slab in an oven, the second step o f the experiment introduced a single 
fracture into the rock perpendicular to the direction o f flow. The experiment was 
repeated to determine the influence o f the fracture on fluid flow. Subsequent tests 
varied the physical contact between the two halves o f the sandstone slab.
1.6 Organization o f this Thesis 
Background information on the topic o f unsaturated flow in fractured rock and a 
survey o f related experimental work is provided in Chapter 2. The experimental 
design and protocol are presented in Chapter 3. Results o f the final experiments are 
presented in Chapter 4 and discussed in chapter 5. Chapter 6 concludes this thesis 
with a summary o f key results and suggestions for future work on this topic.
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CHAPTER TWO
BACKGROUND
2.1 Overview
This chapter serves as an introduction to the important concepts o f unsaturated 
flow, hydraulic conductivity, and how fractures act as capillary barriers. In addition, 
this portion o f the thesis presents an overview o f previous research that suggests that 
fractures may act as unsaturated capillary barriers.
2.2 Unsaturated Flow 
Two processes drive unsaturated flow, gravity, which drives water downward, and 
capillary pressure, which acts in all directions. The gravitational force has a constant 
magnitude, while capillary forces vary with the surface chemistry o f the solid 
material, geometry o f the pore space, fluid characteristics, and wetting process o f the 
system. Capillary pressure (Pcap) for an individual air-water meniscus is given by the 
Laplace-Young Equation below (e.g.. King et al., 1999).
( ? c a p )  = < j{\l R \  + \ !  R l )  (Eq. 2.1)
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In the above equation, (Pcap) is the difference in pressure across the air-water 
meniscus, o is the surface tension, and R,, R; are the principal radii o f curvature 
along the air-water meniscus. Most unaltered silicate minerals are assumed to be 
hydrophilic; i.e., water loving (Philip, 1969). For a hydrophilic solid capillary 
pressure will be negative, that is, pressure will decrease from the air to the water. The 
negative pressure, or tension is responsible for drawing water into an unsaturated 
matrix (e.g.. Jury et ah, 1991). From equation 2.1, it is clear that the magnitude o f 
Pcap increases as the radii o f curvature decrease. Therefore, the tension drawing water 
into a single hydrophilic pore will increase with decreasing pore size, where R, and 
R2 become smaller by necessity. As a result, water will preferentially occupy smaller 
pores, and avoid larger ones for unsaturated conditions. Capillary pressure will vary 
with moisture content (0), attaining a maximum negative value when the medium is 
nearly dry and approaching zero as saturation increases. The relationship between 
Pcap and 0 tends to be highly non-linear and is dependent on the distribution o f pore 
sizes within the medium. In a homogenous medium, spatial variation in 0 is 
responsible for capillary-driven flow; i.e., water moves from more saturated regions 
(Pcap less negative) to less saturated regions (Pcap more negative). The problem of 
unsaturated flow becomes much more complicated when both the media and moisture 
content are heterogeneous.
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2.2.1 Unsaturated Hydraulic Conductivity 
The hydraulic conductivity (K) o f a material describes the ability o f that material 
to pass water under a constant gradient. When the material is fully saturated, K is 
determined by the geometry o f the pore space and fluid properties.
K = — A: (Eq. 2.2)
/ /
Where, k represents intrinsic permeability (function o f pore geometry), y is the 
specific gravity o f the fluid, and p is the dynamic viscosity o f the fluid. Intrinsic 
permeability, k is a property o f the permeable medium alone and is independent of 
the properties o f the penetrating fluid. Equation 2.2 is relevant for saturated flow and 
must be modified for application to unsaturated flow. For steady state unsaturated 
flow, 0 is constant and water will only flow through pores that are already occupied 
by water. The pores occupied by air do not contribute to hydraulic conductivity, thus 
K(0) is always less than K(saturated). For hydrophilic media, water will 
preferentially occupy the small pores, which are much less permeable than large 
pores. As a result, unsaturated flow takes place in small pores that are often 
associated with the finer grained material in the matrix (e.g.. Glass et al., 2003). This 
observation is in strong contrast with saturated conditions, where all pores are 
occupied, but most flow takes place in larger pores (e.g., Vogel, 2000).
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2.2.2 Sorptivity
Sorptivity (S) describes the effectiveness by which water will spontaneously 
imbibe into a porous medium (e.g., Tidwell and Glass, 1995). In short, sorptivity is a 
measure o f the capacity o f a matrix to either absorb or desorb liquid by capillary 
forces. In addition to capillarity, S is also dependent on K(0). For example, materials 
with very small pores generate a strong capillary gradient that draws water into the 
matrix. However, imbibition is limited by the low permeability o f the small pores; 
thus S is not large. Conversely, materials with large pores are highly permeable, and 
Pcap limits S. The calculation o f sorptivity is dependent on matrix water content and 
diffusivity. Sorptivity can be determined from horizontal infiltration into a dry 
medium, which water flow is controlled by capillary absorption, where I, represents 
cumulative infiltration and t is time (Philip, 1969).
I =  sV t (Eq. 2.3)
Laboratory investigations regarding sorptivity on the microscopic scale have 
demonstrated that wetting front advancement from a flowing fracture into a rock 
matrix is linear with respect to Vt (Tidwell and Glass, 1995).
2.2.3 Introduction to Capillary Barriers 
Capillary barriers are features within a geologic unit that prevent fluid infiltration 
on the basis o f capillary pressure. For hydrophilic media, water flows along the 
solid surface, to which it adheres. Any break in the continuity o f the solid can inhibit 
the flow o f a fluid. A second method to create a capillary barrier is to impose a 
sudden increase in pore size, which will restrict the ability o f water to fill the voids
10
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between the grains. Trapping or restricting water is beneficial in containment o f 
hazardous waste. It is for that reason that municipal landfills often place a layer o f 
coarse material over the waste. The coarse medium is then covered with a highly 
sorptive finer grained material, which will absorb and trap water. Water will adhere 
to the fine grain material and avoid the coarse grained material. This combination of 
material will act to trap water in the finer grained material until the moisture may be 
removed by evaporation, évapotranspiration, or an internal drainage system (Kampf 
and Montenegro, 1997).
2.3 The Nature o f Pore Space in Fractured Rock 
As stated above, the magnitude of capillary forces is highly dependent on pore 
size/geometry and initial moisture content. In order to understand how capillary 
forces vary in fractured rock, it is first necessary to understand the differences in pore 
geometry between fractures and the adjoining porous matrix,
2.3.1 Pores in Rock a Matrix 
Porosity is defined as the fractional void space o f a rock, and is estimated as a 
percent o f the total volume. Porosity varies according to rock type and exposure to 
physical stress and weathering. Crystalline igneous and metamorphic rocks such as 
granite and gneiss upon formation consist o f tight interlocking crystalline mineral 
grains and may contain void spaces in-between the tight irregular mineral grain 
matrix. As these rocks are exposed to tectonic forces, weathering, and differential 
temperatures they fracture (e.g., Gueguer and Palciauskas, 1994). These fractures
11
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break up the crystalline structure forming void spaces, which increases the porosity. 
Basalts, rhyolites, and ash fall tuffs cool quickly, resulting in fractures, which may be 
filled with water, increasing porosity. Sedimentary rocks differ from crystalline 
rocks in that they consist o f fragments from other rocks, or they formed as a result of 
chemical precipitate in a water rich environment, or form from evaporation. The 
porosity o f sedimentary rocks is dependant on the amount of compaction, 
composition o f the matrix and the chemistry o f the cementing agent that solidified the 
sediment. Other sedimentary rocks such as well sorted sandstones consist o f well 
rounded grains o f silica rich sand, which results in ample pore spaces. Larger grain 
sizes lead to greater pore spaces (Figure 2-1).
Sedimentary rocks may allow water storage between the mineral grains. Rocks 
derived from fragments and particles of other rocks such as shale (mudstone, 
siltstones, and claystones) consist o f either coarsely consolidated material or finely 
compacted clay particles that form distinctive layers. Carbonate sedimentary rocks 
such as limestone and dolostone were deposited in an aqueous environment, which 
allowed fluid movement throughout the rock. The result o f this depositional 
environment is a porous roek allowing water to flow through the matrix. A 
distinctive characteristic o f carbonate rocks is the chemical make-up. Since the 
composition consists o f  calcite, water in conjunction with micro-organisms may 
move through the rock dissolving calcite, which results in slightly basic solution. As 
this carbonic rich water flows through the rock, porosity may increase due to 
dissolution o f the carbonate roeks (Gueguer and Palciauskas, 1994) In general, 
unconsolidated sedimentary material and sedimentary roeks have the highest porosity.
12
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Weathered basalts and granites may have higher percentages o f pore spaces than non­
weathered rocks (Figure 2-2).
Figure 2-1. Pore spaces in a well sorted sandstone. Larger grain size is attributed 
to large pore spaces and smaller voids are found in finer sandstones. As sediments 
become compacted pore space is reduced. (USGS Ground Water Atlas, 2002).
13
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Material or Rock Type Porosity as a Percent of Volume
Gravel Coarse 21%
Gravel Medium 24%
Gravel Fine 28%
Sand Coarse 30%
Sand Medium 32%
Sand Fine 33%
Till Silt 6%
Till Sand 16%
Till Gravel 16%
Loess 18%
Dune Sand 38%
Silt 20%
Sandstone Fine Grain 21%
Sandstone Medium Grain 27%
Sandstone Coarse Grained 31%
Limestone 14%
Metamorphic Schist 26%
Siltstone 12%
Volcanic Tuff 21%
Basalt 12%
Weathered Basalt 35%
Granite 7%
Weathered Granite 24%
Figure 2-2. Porosity as a percentage o f the total volume for unconsolidated material 
and rocks. Information taken from Gueguer and Palciauskas, 1994.
14
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2.3.2 Fracture Porosity
Figure 2-3. From Atkinson 2000, photograph o f a highly fractured rock with 
varying fracture sizes (aperture). Each fracture aperture may vary along its plane.
The word “fracture,” is a general term for any matrix discontinuity thought to 
represent a surface or zone o f physical failure. Fractures are brittle failures in a rock, 
which act as a separation or discontinuation o f the rock matrix (Ramsey and Chester, 
2003). This discontinuation separates the rock units into segments or blocks. 
Fractures or cracks occur when the elastic limit o f a rock is exceeded. When stress 
exceeds the rock’s capacity to absorb the energy, they fracture. The fundamental 
difference between a fault and a fracture is displacement. Faults have offset or 
displacement and fractures do not.
15
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Fracture patterns may follow bedding to form a series o f regular discontinuities or 
they may form in a random pattern. These fracture networks vary from simple 
patterns to complex horizontal and vertical features that intersect at varying degrees 
(Figure 2-3). The lengths o f fractures vary from a few millimeters to distances o f 
several meters (Odling, 1994). When rocks are subjected to tectonic forces, fractures 
may extend a distance o f a kilometer or more.
Fractures may appear along natural flaws such as syndepositional deformation 
structures, incipient fractures, cavities, and minor lithological boundaries. Each rock 
type will fracture differently, which is dependent on grain size, texture, and the 
environment o f formation. For example, fractures in homogenous sandstones are 
independent o f pre-existing flaws. Sandstones tend to fracture in random patterns, 
indicating that grain size and texture are the most important determinant. Certain 
types o f fractures have particular size/shape distributions and obey specific density- 
spacing laws. Each fracture type will have different fluid-flow properties (Eberhardt 
et al., 1999).
The distance across a fracture is referred to as the aperture. Even the gap across a 
fracture may vary with respect to width and shape. Some fracture surfaces are rough, 
while others are relatively smooth (Figure 2-4). The aperture o f  a fracture indicates 
the energy available for fracture growth. The size o f the aperture and the length are 
important controls for permeability, which is useful for hydrologists and petroleum 
geologists. Aperture width and geometric configurations along the fracture may vary 
within a single fracture, which is attributed to composition, grain size, and forces 
responsible for deformation. Some fractures have wide apertures 10 to 300 mm in
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width with no contact to the adjacent block. Other fractures may be less than a 
millimeter with direct contact across the fracture (Bazonant, 1984). Contact points 
across a fracture are important because fluids such as water may cross the fracture at 
these contact points (Tokunaga and Wan, 1997).
In addition to physical and geometric variations, different rock types will exhibit a 
variety o f fracture roughness and some rock types are porous while others are not. 
Within any natural fracture there is usually a large distribution o f space within a 
single break. The fracture aperture is controlled by a number o f factors such as rock 
material, inclusions, grain size, and foliation. Additional factors include tectonic 
history, stress, thermal and chemical stress both prior and post fracturing. Once a 
rock is fractured, the structure may be altered through weathering or forces such as 
compression or tensional. These aspects will work to change the aperture (Atkinson, 
2000).
17
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W ide ApertureDirect C ontact Point
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Figure 2-4. Fracture with variations in size from narrow to wide aperture and a direct 
contact point. Fracture lengths and widths may vary according to rock type, process 
o f formation, and forces such as tectonic activity.
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Given the vast occurrences o f separations in a rock unit, prediction o f the size o f a 
fracture aperture is next to impossible. Field determination o f the fracture aperture 
distribution, or even simply mean aperture, is currently an area o f active research 
especially in the petroleum industry (Hillis, 1998; Kazemi et al., 1998).
2.4 Previous Investigations Suggesting Fractures may form Capillary Barriers 
Overall, the influence o f fractures on unsaturated flow has been widely overlooked 
as an important hydrological process. Contemporary hydrological modeling often 
assumes homogenous material and isotropic flow parameters (e.g., Domenico and 
Schwartz, 1990). The justification for such assumptions is that we will never have 
detailed knowledge o f subsurface properties and the assumption o f local homogeneity 
simplifies modeling. In reality, various textural features o f rocks such as grain 
structure, bedding, and inclusions may have substantial impacts on hydraulic 
properties, particularly for unsaturated conditions. In addition to textural features, 
hydraulic properties will also be influenced by the structural aspects o f rock units 
such as faults, folds, and fractures. For both structural and textural features, we can 
expect that capillary action, moisture content, and hydraulic conductivity will vary 
with the obvious changes in pore structure.
Over the past fifteen years, a number o f investigations have attempted to explore 
unsaturated flow through fractured rock. Glass et al. (1995) first hypothesized that 
fractures could act as capillary barriers to unsaturated flow between adjacent matrix 
blocks. This thesis is the first direct test o f that hypothesis; however, other 
experiments do provide supporting information. Glass et al. (2002) used dry
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cinderblocks to construct a two-dimensional fracture-matrix network approximately 2 
m high. The cinderblocks were pressed against one another to create a network of 
tight vertical and horizontal fractures. Over approximately 18 months, they applied 
steady flow to the top of the cinderblock network. Unsteady flow exiting the network 
was attributed to the occurrence of intermittent capillary barriers within the fracture 
network. They also observed that fractures appeared to limit lateral wetting o f the 
cinderblocks, suggesting that they acted as capillary barriers to flow between the 
matrix blocks.
Similar behavior was observed in experiments reported by Wood et al. (2003) and 
Fairley et al. (2004). Bricks o f cut limestone were assembled into a two-dimensional 
fracture-matrix network following an approach similar to that presented by Glass et 
al. (2002). In multiple realizations o f their fracttire-matrix network they reported 
intermittent flow through the fracture network and "blocky" wetting o f the matrix. 
The former suggests the occurrence o f capillary barriers within the fracture network, 
while the latter suggests that fractures acted as capillary barriers to flow between the 
limestone matrix blocks.
The formation o f capillary barriers within a fracture network was confirmed by 
Wood et al. (2002; 2004). They developed a physical model to observe flow across a 
single intersection between a vertical and a horizontal fracture. Gravity and capillary 
forces move water down the fracture until it intercepts a horizontal fracture. The 
intersection has an increase in aperture size, which temporarily stops the vertical 
advancement o f fluid (i.e. forms a capillary barrier). Water then builds at the fracture 
intersection until the meniscus flattens out and eventually forms a convex head
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allowing the water to make contact with rock particles on the opposite side o f  the 
fracture. Depending on the point o f contact within the fracture intersection, water 
will either continue flowing vertically or follow the horizontal fracture. This action 
was put forth as an explanation for the unsteady flow observed in the experiments of 
Glass et al. (2002) and Wood et al. (2003).
Numerical investigations by Seol et al. 2003 considered the importance o f  matrix 
diffusion along fractures with respect to contaminant transport. In this work, the 
authors saw fracture roughness, aperture variation, and contact points between matrix 
blocks as mechanisms for water to move from a fracture into the adjacent matrix 
block. Direct contact points act as conducts for water flow, which resulted in some 
portions o f the fractures being dry and others saturated. Non-saturated matrix 
diffusion modeling places the importance o f fractures as structures responsible for 
fluid diffusion into the non-fractured material (Seol et al., 2003).
2.5 Fractures as Barriers to Capillary Flow in the Matrix 
Virtually all near-surface rocks are fractured to some degree. Under unsaturated 
conditions, fractures may restrict flow, and act as a capillary barrier to flow in the 
matrix. Fracture apertures are expected to be greater than the largest pores in the 
surrounding rock matrix, making them less attractive and last to fill with water from a 
capillary standpoint. Therefore, water moving through an unsaturated rock matrix 
will be “reluctant” to move into a dry fracture. In this way, fractures may act to 
inhibit the flow o f water under unsaturated conditions. This restriction is due to an
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interruption in the continuity o f matrix where water adheres in the rock matrix, which 
acts as a large opening inhibiting capillary flow (Wood et al., 2003).
As stated earlier, fractures are gaps between two blocks o f material. As water 
moves through a rock matrix by simple capillary flow it intersects fractures, which 
are boundaries between matrix blocks. Under unsaturated conditions these matrix 
boundaries are expected to inhibit the continuation o f capillary flow, and act as a 
temporary barrier to water flow (Glass et al., 2002). Given adequate time and fluid 
pressure, water may bridge across the fracture to continue flow through the matrix o f 
the adjacent block. Fractures are similar to large pore spaces in that sufficient water 
pressure must be available to fill the larger aperture space (Or and Tuller, 2000). If 
water in a matrix block accumulates to near saturation levels it will eventually seep 
out the edges (Tokunaga and Wan, 1997), possibly spanning the fracture and 
initiating flow into the adjacent matrix block. The ability of water to span a fracture 
is expected to depend on points of physical contact along the fracture, and/or the 
separation distance (fracture aperture) between the two matrix blocks. While this 
scenario makes intuitive sense, it has yet to be tested by experiment.
2.5.1 Contact Points as Potential Flow Conduits
The ability o f water to span a fracture is expected to depend on points o f physical 
contact along the fracture, and/or the separation distance (fracture aperture) between 
the two matrix blocks. Fracture separations and surface roughness are not uniform. It 
is the irregular structure o f a fracture that influences where water may cross the 
fracture. If there is a contact point with the downstream block the water meniscus
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may cross the fracture and continue in the horizontal direction in the downstream 
block.
Under this process water moving into the downstream block will be diverted 
through a narrow link. This link across the fracture is similar to a fotir lane freeway 
being restricted to merging over onto the shoulder due to an accident that blocks the 
travel lanes. The resulting mergers, and maneuvers o f  the cars all attempting to shift 
lanes over to the shoulder, causes a slow down of the freeway traffic flow, which 
results in a back-up.
2.5.2 Hydraulic Connection through Film Flow
Once water encounters a fracture it will stop until sufficient water in a matrix 
block accumulates to near saturation levels. A similar situation applies to fluid 
attempting to bridge the gap across a fracture. Once the initial conduit is in place, 
water will flow across to the other side o f the fracture. The conduit formed by the 
water meniscus will increase in size as saturation levels increase along the fracture 
given that fracture aperture is not too large (Glass et al., 2002; Seol et al., 2003). 
Given sufficient time and pressure, water on the upstream block will flow down the 
sides and along the fracture. As fluid pressure continues to build, water will 
eventually seep out the edges, possibly spanning the fracture and initiating flow into 
the adjacent matrix block (Tokunaga and Wan, 1997). If  the aperture is too wide, 
contact with the other side will not be made and the water meniscus will fail to make 
contact with the downstream block. Dry fractures have either too wide o f apertures, 
insufficient water, or a combination of both. Once the initial contact is made with the
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downstream block, water molecules will adhere with the rock particles across the 
fracture. Water will then utilize the adhesion potential (water to silica) and the 
bipolar bonding to widen the meniscus, which is a water bridge across the fracture. 
With the water meniscuses making contact across the fracture it acts as a conduit or 
pipe to transport fluid to the downstream block (Glass et al., 2002). As the 
downstream block saturates, the meniscus spreads out eventually filling the fracture 
(Tokunaga and Wan, 1997).
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CHAPTER 3
EXPERIMENTAL METHOLOGY
3.1 Experimental Philosophy 
This thesis centers on the design and construction o f a dedicated physical model 
that will measure the effects o f a single fracture on capillary-driven flow in the 
horizontal direction. Restricting the system to horizontal flow eliminates the 
competing influence o f gravity and simplifies interpretation o f the results. Simply 
put, water is delivered to a manifold on one side o f  a dry slab o f sandstone. The 
horizontal advancement o f the wetting front is then tracked across the slab, both 
visually and electrically. After testing the slab in an un-fractured condition, a single 
fracture was introduced, and the experiment repeated to test the effects o f the fracture. 
The final experiment changed the fracture by offsetting it, which changed the 
geometry o f the aperture.
3.2 Materials and Methods 
In order to meet the afore-mentioned goals, the test samples must be water 
wettable and have reasonably uniform hydraulic properties. In addition, the rock 
matrix must have sufficient permeability for water to move through the samples over 
a period o f days, thus allowing experiments to be performed in a reasonable time
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frame. Not only does the matrix o f the rock need to be sorptive, it must be void o f 
laminations, layering, and structures that would promote heterogeneous water flow.
In addition, the matrix should also be free o f structures such as voids, or inclusions, 
which may act as barriers to capillary flow.
These requirements led to preliminary experimentation on several rock types 
including quartz-rich sandstones and homogenous ash fall tuffs with characteristics 
that would not promote un-even flow and have high permeability and porosity. After 
preliminary testing o f various rocks, a sample o f  the Shinarump Sandstone from a 
locality close to Moab, Utah was selected for this investigation.
This fine-grained quartz rich sandstone has a porosity of approximately 14 % (Wet 
weight-Dry weight / volume). The Shinarump Sandstone is the lowest member o f the 
Chinle Formation, and is upper Triassic (206-144 m.y) in age. During the Triassic 
this sandstone member o f the Chinle was deposited along the banks o f a floodplain 
with an extensive meandering river system. This Triassic fluvial system resulted in 
the deposition o f well sorted sands light in color, which is different in texture and 
color in comparison to the rest o f the Chinle Formation. For the most part, the Chinle 
Formation consists o f highly oxidized red to brown, coarse grained sandstones, 
mudstone, shale, and highly laminated sedimentary rocks with secondary gypsum 
(Brady et al., 2000). The Shinarump Sandstone is a fine-grained, well-sorted, and 
very well-indurated off-white-tan rock (Figure 3-1).
The rock samples selected are relatively free o f laminations, isotropic, and 
homogenous. This characterization suggests that different samples taken from the 
same locality would exhibit similar water-flow behavior patterns. In addition, flow
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behavior within each slab would not be dominated by local heterogeneity. The rock 
is highly sorptive, because it has intermediate sized pore spaces and is water wettable. 
This characteristic allows experiments to be relatively fast, i.e., conducted over a 
period o f days rather than weeks, thus minimizing the risk o f catastrophic failure 
midway through an experiment. The well-indurated character o f the sandstone 
assured that it could be cut into thin slabs and that it would fracture cleanly without 
splintering or shattering. This latter characteristic was critical to the experimental 
design because it minimized the risk of destroying samples at the midpoint o f  the test. 
Lastly, the off-white color facilitated visual observation o f the wetting front as it 
progressed across the sample (Figure-3-1).
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Figure 3-1. Sandstone rock with a fracture in the center. The right hand side is wet 
and the left is dry. This homogenous and isotropic rock with a porosity o f -14  % 
allows the tracking o f water advancement by viewing the wetting front. The 
sorptivity combines with the small size to facilitate fast experiments. The fact that it 
is homogenous and isotropic is unrelated to viewing o f the wetting front.
3.3 Experimental Design 
In order to minimize gravitational effects and isolate capillary-driven flow, 
experiments were conducted on thin slabs o f Shinarump Sandstone that were laid flat. 
Dimensions o f the slabs are approximately -300 x 150x 10 mm with the flow 
direction along the long axis. Prior to each experiment, the rock slab was oven dried
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for two to three days at 100 ®C and then placed in a purpose built enclosure 
constructed from glass, plastic, and wood (Figure 3-1). The top and bottom o f this 
enclosure consist o f  two 6 mm thick plates o f glass. The sides were constructed o f 
clear 1.5 mm thick Plexiglas® plates. The glass and plastic are held together by oak 
boards 450 x 40 x 20 mm for the long axis and 1 1 0 x 4 0 x 2 0  mm across the short 
axis. The entire apparatus is 110 mm high, and sits on top o f a steel frame, raising it 
330 mm from the table. The wood, Plexiglas®, and glass are healed together by 
metal fasteners. Sixteen rubber 0-ring gaskets, 3 mm thick and 26 mm in diameter, 
isolate the rock from the glass. The entire apparatus is bolted to a steel frame 
allowing a bottom view o f the sandstone slab (Figure3-2).
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Figure 3-2. This sealed enclosure allows a full view of the rock and guards against 
evaporation.
Once the enclosure is sealed, water delivery is through a clear plastic manifold to 
one edge o f the slab. The manifold is constructed from a 160 x 20 x 20 mm square 
bar of clear Plexiglas®. A single inlet in the manifold directs the water to a 5 nun 
deep groove along the length. The groove is fitted with a highly sorpative sponge 
material, which distributes water equally across the rock. Water is delivered to the 
manifold at a steady rate by three 60 cc syringes driven by a pump (Harvard
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Apparatus® Infusion/Withdraw Model). One additional syringe is fed out o f the 
pump to a reservoir that sits on a digital scale to record the amount o f water delivered 
to the rock. This configuration assured a steady rate o f water delivery at 
approximately 1.21 grams per hour. This supply rate allows fluid to be drawn into 
the quartz rich matrix with a porosity o f -1 4  % by capillary pressure (Figure 3-3).
In order to measure electrical conductivity, eight ten-millimeter-deep holes were 
drilled into the sides o f the rock. Each hole was fitted with an electrode (Figure 3-4). 
The electrodes are labeled black 1-4 on one side o f  the rock and red 1-4 on the 
opposite. The first two electrodes on each side o f the rock were placed 55 mm from 
the ends o f the slab. Two additional electrodes on each side o f the rock were inserted 
55 mm from the first set, resulting in an evenly spaced distribution on both ends of 
the slab. No electrodes were placed near the center o f the slab. Placing electrodes at 
or near the center would interfere with the intended clean break of the fracture across 
the matrix. Each electrode consists o f a copper stud 3.5 mm diameter and 35 mm in 
length. The studs were cemented into each drill hole using a nickel-rich conductive 
print coating. Copper wires o f equal length were attached to the copper studs and 
then to a terminal block located on the steel frame. The terminal block was fitted 
with equal length copper output wires that allowed clamping o f meter clips for 
accurate and consistent electrical measurements (Figure3-4).
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Figure 3-3. Conceptual drawing o f the experiment, with a syringe pump delivering 
water to the rock by three 60 mm syringes, one 60 mm syringe to the scale for 
measurement purposes. Two thermocouples, one outside and the other inside the 
rock enclosure measure ambient temperature. Water and air transducers measure 
pressure.
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Figure 3-4. Shinarump sandstone slab approximately 300 x 150 x 10 mm with 8 
eopper electrodes along the sides o f the slab allowed electrical conductivity 
monitoring throughout the experiment.
3.5 Experimental Procedure 
The experiment consisted o f three major parts. First, an intact, non-fractured rock 
was tested several times to replicate the behavior o f the wetting front, and to 
determine the amount o f water required to saturate the rock. In the second part o f the 
experiment, the slab was fractured perpendicular to the direction o f flow by placing it 
over a thin rod at the midpoint o f the slab and applying steady, even pressure to both 
ends o f the sandstone slab. Once the rock was fractured, it was reassembled in a
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manner that assured contact between the two halves. The experiment was then 
repeated several times to understand the influence o f the fracture. Since physical 
contact is expected to strongly influence fluid movement across the fracture, contact 
area along the fracture was varied for subsequent tests in the third part. Because 
initial fracturing and subsequent modification of the fracture are irreversible, both 
processes were performed cautiously.
3.6 Data Collection
The rate o f  water imbibed and advancement o f the wetting front were two critical 
components o f these experiments. The most noticeable aspect o f  the experiments 
was the emergence o f a wetting front from the point o f delivery. After delivery, 
water migrated across the matrix in a horizontal direction. The regular advancement 
o f the wetting front was monitored visually at intervals o f 60 minutes. Each interval 
was recorded by hand drawing a blue line across a transparent acetate plastic sheet 
0.10 mil thick. These blue lines represent the advancement o f the wetting front over a 
specified time period (Figure 3-5). Wetting front advancement, front position, and 
scale readings were hand recorded as a data set. This information was then recorded 
as a spread sheet as a Microsoft Excel™ file. Once the data was in this format graphs 
o f the results could be produced (Appendix B).
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Figure 3-5. Blue colored lines reeord the wetting front advaneement during 60 minute 
intervals. The 0-rings separate the sandstone slab from the glass requiring water to 
travel across the sandstone and not the glass.
As shown in figure 3.3, water from the three syringes on the pump was delivered 
to the rock, and the fourth syringe feed a container on an Ohaus® Digital Explorer 
Pro (Model 4101) scale to monitor the amoimt o f water delivered over time. It was 
assumed that flow to the rock would be three times that to the scale. All four syringes 
were o f the same make, model, and size. Temperature inside and outside o f the 
experiment was measured by two thermocouples and one thermister. In addition, a 
Honeywell® (136? 1C) pressure transducer was installed to monitor water pressure
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delivered to the roek. A second transducer was left outside the experiment to 
measure atmospheric pressure. Temperature, water pressure and amount o f water 
delivered to the roek were recorded using the Labview 8.0® software every minute 
throughout each 72 hour plus experiment (Figure 3-6).
Figure 3-6. Temperature pressure and water delivery rates were monitored and 
recorded every minute throughout the duration o f the experiment with Labview 8.0 ® 
software.
Water delivery at a constant rate is essential to isolate the importance o f fractures 
as capillary barriers. The water delivery was first attempted by using a  Cole-Palmer 
cartridge pump model 7519-00, driven by a  Cole Palmer variable speed drive. After
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several test, this pump configuration showed considerable variation in water delivery. 
Considering a prerequisite for the experiment was to deliver water at a constant rate, 
the pumping set up was changed to the syringe system. The syringe pump delivered 
1.21 grams per hour (Figure 3-7).
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Figure 3-7. The graph shows water delivery at a constant rate from the reservoir to 
the rock throughout the duration o f the experiment. The closer spacing o f the data for 
the first 1000 minutes was due to recordings every hour. Later measurements were 
conducted every two hours thereafter.
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In addition, electrical resistance was measured across the eight terminals using a 
BK Precision® digital multi-meter (Model 2831 C) employing the 20 M (10^) scales. 
The ohms scales on this multi-meter are powered by 9 volt direct current. In order to 
assure accurate resistance measurements, the copper electrodes were measured prior 
to wetting o f the rock, as the wetting front advanced across the matrix, and after 
saturation (Figure 3-8).
Fracture
I.O?MD
Figure 3-8. Conceptual drawing o f electrical resistance measured in mega ohms
(MQ) across the sandstone slab. As the wetting front advances and the matrix 
saturates electrical resistance decreases. The dry portions o f the roek have high 
resistance values greater than 20 MQ for resistance. Numbers in this drawing 
represent actual data taken from experiments.
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CHAPTER FOUR
RESULTS
4.1 Introduction
After several preliminary tests to determine optimal flow rates repeatability, 
wetting front advancement, and to calibrate the equipment, a set o f final experiments 
were conducted In all experiments, water was delivered to the manifold at a constant 
rate o f 1.21 g/hr.
4.2 Water Advancement Without the Fracture 
Several preliminary experiments to assure repeatability o f wetting front 
advancement at a constant, and water delivery were performed. Once the results were 
replicated, three experiments were performed on one rock sample. In all three 
experiments, water delivered to the manifold was rapidly absorbed into the sandstone 
matrix, which leads to the development of a wetting front across the slab. Wet 
portions o f the rock were darker than the dry portion, which allowed for visual 
tracking o f the wetting front migration. The wetting front initially migrated at a rate 
9-10  mm/hr, and then slowed to 7.5-6.4 mm/hr midway (150 mm) through the 
sample. Despite this decline, wetting front advancement continued until contact with 
the end o f the sandstone slab was achieved 88 hours after water first contacted the 
rock (Figure 4-1).
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Figure 4-1. Scan and trace o f the actual wetting front for the unfractured rock. 
The wetting front advanced across the sandstone slab in 88 hours.
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Each blue line in figure 4-1 represents a reeord o f the actual wetting front position. 
When the wetting front was recorded, data was also collected on the amount o f water 
delivered, and resistance. The wetting front started out as a half moon or ereseent 
shape. As it moved across the sandstone, the wetting front expanded aeross the entire 
slab flowing in a somewhat convex shape (Figure 4-1). As previously stated, the 
initial wetting front migrated at quicker flow rates and slowed as the wetting front 
moved further from the water delivery point. This finding is well illustrated by 
plotting the distance traveled by the wetting front as a function of time (Figure 4-2).
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Figure 4-2. Plot o f wetting front advancement over time. The wetting front 
advancement rate declines from the initial value.
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Measurements conducted across the eight copper terminals went from high- 
resistance to low-resistance as the rock matrix became increasingly saturated (Figure 
4-3). Initial electrical resistance values in the dry sandstone slab were greater than 
20 Mf2. The first terminals to record a decrease in resistance was the R l-B l 
terminals followed by the R2-B2 (Figure 4-4) (Appendix-B). The last terminals 
recording a drop in electrical resistance were the last to saturate, R4-B4. The large 
decrease in resistance between 2R-2B and R3-B3 is due to the spacing o f the 
electrodes, which was intended so the fracture would not have any interference with 
the electrodes. The spacing o f the electrodes results in a delay o f resistance 
recordings between R2-B2 and R3-B3. This gap is important because this is the area 
where the fracture will be introduced into the matrix for part two o f the experiment. 
At the end o f each experiment, the rock, or both blocks of the fractured rocks were 
submerged in a tub o f water for two days to increase saturation. The result o f this 
experiment was a further decrease in resistance. This was especially true for the 
downstream block o f the offset fracture, which had the greatest resistance drops 
(Figure 4-5) (Appendix-C). This was expected due to insufficient saturation o f the 
matrix during the experiment. Upstream blocks had insignificant resistance decreases 
due to longer exposures to wetting fronts and greater saturation during the 
experiment.
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Figure 4-3. Conceptual drawing o f wetting front taken from actual data. Wetting 
front indicated by the blue lines and resistance measured across the sandstone slab. 
Lower resistance values such as 0.05 MO occur across terminals with higher matrix 
saturation. Terminals with marked at >20 MO are at maximum resistance. 
Terminals were equally spaced on both ends with a gap in the center so it would not 
interfere with the fracture which will be introduced at the center o f the rock.
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Figure 4-4. Higher resistance values were recorded when the matrix saturation was 
low. Resistance values decreased as the wetting front advanced across the matrix 
over time saturating the sandstone slab.
On several occasions, resistance began to decline before the wetting front reached 
the terminals. These lower resistance values suggest that a small amount o f water 
was diffusing ahead of the main wetting front. When the sandstone slab darkened, 
which was an indication of higher saturation, resistance values decreased.
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Saturation of Matrix R1B1R2B2 R3B3 R4B4 R1R2R1R3R1R4B1B2 B1B3 B1B4
Unfractured Experiment 0.05 0,07 0.24 0.32 0.72 0.83 0,12 0,7 0,67 0,52
Unfractured Saturated 0.04 0,01 0,11 0,3 0,61 0,71 0,8 0,1 0,5 0,39
Difference 0.01 0,06 0,13 0,29 0,11 0,12 0,4 0,6 0,62 0,13
Fractured Experiment 0,7 0,01 0,57 0,89 0,29 0,11 0,4 1,01 0,38 0,32
Fractured Saturation 0,6 0,01 0,47 0,69 0,21 0,8 0,1 0,1 0,5 0,31
Difference 0,1 0 0,1 0,2 0,8 0,3 0,3 1 0,33 0,2
Fractured Offset Experiment 1,77 1,65 0,15 0,28 0,38 0,34 0,36 0 1,43 1,27
Fractured Offset Saturation 0,68 0,07 0,07 0,76 0,24 0,21 0,25 0,01 0,88 0.99
Difference 1,09 1,58 0,08 •0,48 0,14 0,13 0,11 •0,01 0,55 0,28
Figure 4-5. Resistance values after the matrix was submerged in a tub o f water 
for two days declined overall suggesting additional saturation of the matrix.
4.3 With the Fracture 
After several flow experiments with good replication o f water delivery rates and 
wetting fronts across the same rock, a single fracture perpendicular to the direction o f 
water flow was introduced. As in prior experiments, water was applied to the slab 
and it quickly diffused through the matrix, which resulted in a well defined wetting 
front. This crescent shaped wetting fi'ont advanced across the matrix until it 
encountered the fracture. The presence o f the fracture is a disruption in continuity of
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the sandstone slab. Wetting fronts did not intersect the fracture uniformally due to 
the eurvilinear shape of the wetting front (Figure 4-6). When any portion o f the 
wetting front eneountered a fracture it would stop advancing at that point. Any 
portions o f the wetting front that did not make contaet eontinued advaneing until 
contact was made. Onee the entire wetting front made eontaet with the fraeture, 
advancement of the wetting front stalled. The stalling of the wetting front is 
illustrated in the graph (Figure 4-7).
Wetting Front 
Not In Contact
Fracture
Wetting Front 
Contacting The 
Fracture
Figure 4-6. The above photograph shows the wetting front making initial eontaet with 
the fracture. This front upon contact with the fracture stopped advancing until the 
entire wetting front made eontaet with the fracture.
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Figure 4-7. The wetting front contacting the fracture is shown as a gap in 
advancement.
The presence o f a fracture resulted in greater saturation of the upstream block due 
too a build up o f water on the surface. In previous experiments without fractures, 
water failed to completely saturate the matrix. This decreased saturation was 
observed throughout the sandstone matrix, and was true for portions o f the matrix 
close to the manifold, which is the point of water delivery. In eaeh experiment with a 
fracture, water would cross the fracture after the upstream block saturated. In this
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first fractured experiment, the two pieces o f the rock slab were pressed together such 
that the fraeture halves matehed with one another (Figure 4-6), Water initially 
crossed the fracture at one spot and then began to develop a wetting front in the 
downstream bloek. After two more hours, water crossed the fracture at two 
additional points, whieh resulted in water erossing the fracture at three separate points 
(Figure 4-8).
Figure 4-8. Water initially crossed the fracture at the center then at two additional 
points. The three points each developed wetting fronts, which then merged to form 
one large wetting front.
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In this experiment, the fracture did three major things. 1) It temporarily stopped 
the advancement o f the wetting front. 2) it increased upstream saturation, and, 3) it 
delayed water arrival to the end o f the slab. It took 35 hours for the wetting front to 
make full contact with the fracture. Water crossed the fracture 41 hours after water 
was first applied to the rock, delaying the front by 16 hours. The fracture delayed the 
travel time o f the wetting front. In the unfractured experiment using the same 
sandstone slab, water traveled to the end o f the slab in 88 hours. When the fracture 
was introduced into the rock with the same water delivery rate, it required 104 hours 
to reach the end of the matrix (Figure 4-9).
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Figure 4-9. Scan and trace o f the actual wetting front for the fractured rock. 
Water contacts the fracture then crosses at three points. The wetting front 
reached the end o f the block 104 hours after water was first applied.
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As the rock continued to saturate, electrical resistance decreased, indicating the 
presence o f additional water in the matrix. In this experiment the fractures slowed the 
wetting front advancement. Since the saturation rate o f the second half o f the sandstone 
decreased, so did the rate o f decline in electrical resistance. This decline can be seen as 
a gap in time where the wetting front encountered the fracture. In the fractured rock 
experiment resistance values do not decrease until 62 hours after the first application o f 
water at R3-B3 and 98 hours at R4-B4. The same terminals measured declines at 32 
hours for R3-B3 and 58 hours for terminals R4-B4. This time gap is important as it 
illustrates that the delay in water to these terminals is directly attributed to the presence 
o f the fracture (Figure 4-10).
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Figure 4-10. Higher resistance values were recorded when the matrix saturation was 
low. Since the wetting front was delayed, a bigger gap in time o f measurable 
resistance decline occurs in the fractured slab.
4.4 Modification o f the Fracture 
Since physical contact and aperture width are expected to strongly influence fluid 
movement across the fracture, contact was varied for subsequent tests by assembling 
the two halves o f the fractured slab with a small offset. The two blocks were 
displaced 12 mm horizontally without any vertical offset, which allowed one to two 
contact point along the fracture. This contact point is a sharp curve within the inner
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part o f the fracture along an otherwise perfectly straight break. By moving the slabs 
in this orientation the contact point at the center o f the fracture and one other point 
along the right side are the only two possible pathways for fluid to make contact with 
the downstream block (Figure 4-11). The purpose was to restrict flow to the 
downstream block, which resulted in a significant reduction o f water delivery to the 
downstream block, that slowed the wetting front advancement.
In this experiment, water crossed at the intended contact point. The second 
possible point did not result in a cross-over (Figure 4-11). The emergence o f a small 
wetting front at the one contact point started to diffuse similar to wetting fronts 
observed in previous experiments. The noticeable difference was how slowly the 
wetting front advanced. In this experiment, the later portions o f the wetting front 
migration were measured in 24 hour increments. On several occasions, the 
advancement o f the wetting front was not detectable due to the slow rate of 
advancement. After 23 days, the wetting front was 21 mm from the end o f the 
sandstone slab. The experiment was terminated after 36 days without any clear signs 
that the wetting front had advanced to the end o f the slab.
Water was forced to cross the fracture at one point. This point severely limited the 
transfer o f water to the downstream block. When water initially crossed the fracture a 
wetting front emerged similar to that in previous experiments. Over the next several 
days the wetting front advanced; however, it did not develop the darker wet look 
observed in previous experiments. Water delivery to the upstream sandstone 
continued at a rate o f 1.21 g/hr. Despite the continuous supply o f water, the wetting 
front failed to develop a dark front. The upstream rock continued to saturate and
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began to drip water near the inlet. This may have been attributed to a lack o f 
connections with the downstream block forcing water out o f the upstream matrix. A 
slight decrease in electrical resistance o f the downstream block at the R3-B3 
terminals was observed even though a dark wetting front did not develop. In this 
experiment, when water is applied to a rock at a slower rate, at one narrow point 
along the fracture, it spreads out across the matrix in a scattered pattern not 
concentrating as a wetting front.
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Figure 4-11 The blue lines indicate wetting front advancement. In this 
experiment each blue line in the downstream block represents larger 
time intervals days vs. hours in the upstream block. Water crossed the 
fracture at one point in this experiment.
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The significant result o f this experiment was the time required for the wetting fi-ont 
to saturate the downstream matrix. There was a larger time interval for water 
crossing the fracture. At approximately 100 hours, the wetting front rate of 
advancement declines, and then it stalled four different times (Figure 4-12). The 
downstream block did not appear as a darker color which, in past experiments, was a 
sign o f near saturation o f the matrix.
Vv'etting Front Position iT)
3C0
♦ Wetting Front Posit on (T)
Wetting Front Stal s
5 2C0
£ ICO
ICC 200 3C0 4C0 5C0 500 700
Time In Hours
Figure 4-12. Graph o f the wetting front advancing over the duration o f the 
experiment. A larger fracture aperture in this experiment slowed the wetting front 
advancement. Since water crossed the fracture at one point, water infiltration into the 
downstream block was restricted, which resulted in a slower rate o f advancement and 
stalling o f the wetting front.
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In addition, declines in electrical resistance were significantly delayed in this 
experiment. Resistance decreases in the R3-B3 terminals first occurred 150 hours 
after the first application o f water. A drop in resistance was measured at the R4-B4 
terminal 345 hours after the initial water delivery. Resistance rates declined at a 
slower rate, taking days rather than hours as in previous experiments (Figure 4-13).
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Figure 4-13. Declines in resistance for the fracture with significant offset are further 
spread apart indicating a slower wetting front advancement.
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4.5 Multiple Fractures 
During the trial phase o f this research, a second rock slab was fractured with 
multiple breaks. In this trial experiment, some fractures were perpendicular to the 
direction o f flow and others were at acute angles (Figure 4-14). In addition, different 
thicknesses o f O-rings were used to offset one o f the fractures with a vertical 
component. One o f the fractures had a horizontal component to the offset. Fractures 
with a greater vertical offset and larger apertures acted as long term barriers to 
capillary flow. In this experiment water, traveled across the matrix in block three and 
intersected a fracture between blocks three and six at a 45° angle. Since the aperture 
was wide due to the horizontal offset, the wetting front traveled along this fracture, 
until it intersected a second fracture also at 45° between blocks four and five. The 
wetting front stalled at the point where the two fractures intersected. After several 
hours water crossed the second 45° fracture into block five, developing a wetting 
front in the matrix o f the downstream block. Water eventually crossed the first 45° 
fracture into block six, after sufficient saturation was achieved. The results o f  this 
experiment illustrate that water will cross fractures at direct contact points or where 
the aperture is sufficiently narrow. In this case, water arrived at the first 45° fracture 
that separates blocks three and six hours earlier prior to intersection o f the second 45° 
fracture between blocks three and four, yet it crossed the second fracture first (Figure 
4-14).
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Figure 4-14. In the photograph below fractures of different angles with vertical and 
horizontal offset. Water failed to cross into block 6 for several hours due to variation 
o f the aperture along blocks 3 and 6.
The dark color o f the sandstone represents saturated portions o f the matrix (Figure 
4-14). The results o f this experiment illustrated that water failed to move from block 
three to block six (light in color) due to two reasons. First, block three was not at full 
saturation, and second a vertical offset, which increased the fracture aperture, made it 
difficult for water to bridge the larger gap between the blocks. Due to larger aperture 
size between blocks three and six, water moved into block five prior to block six.
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even though it made contaet with block 6 hours before. As saturation increased in the 
upstream bloek three matrix, water eventually flowed into block six, saturating the 
entire fragmented rock (Figure 4-14).
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CHAPTER FIVE
DISCUSSION OF RESULTS
5.1 SuxTunary o f Results 
In the three major experiments, water was absorbed quickly by the sandstone 
matrix. The Shinarump Sandstone visual wetting front is a darkening o f the matrix, 
and represents a portion o f the rock with an advancing water front. This wetting front 
represents the smaller pore spaces being filled with water. Complete saturation did 
not occur until the wetting front encountered the end point o f the slab or a fracture, 
which backed up the water, forcing it into larger pores. In the experiment with the 
unfractured rock, the wetting front reached the end o f the slab in 88 hours. When a 
single fracture was introduced into the very same rock it took 104 hours for the 
wetting front to reach the end. When the wetting front encountered the fracture it 
stalled. The travel time difference o f the wetting front with the introduced fracture is 
attributed to two faetors. First, the wetting front had to build sufficient pressure in 
order to cross the fracture. Second, when water did cross the fracture, it did so at 
specific points. In other words, water did not cross the fracture at all points along the 
fracture. Considering water was restricted to crossing at two to three points, this 
resulted in a smaller volume o f water penetrating the downstream block.
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By to being barriers to unsaturated flow, fractures temporally restricted flow out 
o f the upstream block, which resulted in increased saturation o f this block. Without 
the presence o f fraetures, water would eontinue to diffuse throughout the sandstone 
matrix and fail to concentrate sufficiently to saturate the rock matrix. The above 
statement is based on theoretical grounds o f water filling smaller voids first and larger 
ones later, and observations in lab experiments. The wetting front stalling at the 
fracture resulted in increased water pressure, because the flow rate o f  water delivery 
to the upstream roek was continuous. The only variability in the experiment was 
water crossing the fraeture. Fractures lead to increased water pressure, which resulted 
in a darkening of the matrix, and an water sheen was observed on the top and sides o f 
the roek. Onee the darker sheen was present, water would cross the fraeture.
When the fracture was modified to allow only one small contact between the 
matrix blocks it took several hours for the water to cross the fracture. After erossing 
the fracture, water began to spread out in the downstream block. In this experiment 
water did not develop a dark wetting front in the downstream block as in previous 
experiments. In addition, the rate o f advancement o f the wetting front was extremely 
slow in comparison to the fracture without offset, and the unfractured rock matrix.
The fractured rock produced two very different sets o f results. In the first fractured 
rock experiment, fractured parts were placed together in the original orientation 
(without offset). In this case water traveling across the fracture to the end o f the 
block required 104 hours. When the same fracture was horizontally offset by 12 mm, 
allowing only one point o f contact between the blocks, it took over four weeks for the 
wetting front to reach the end o f the block. Despite this extended time interval, the
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wetting front was not as prominent as in prior experiments and it was difficult to see 
the position o f the actual wetting front. These results illustrate that contact area and 
aperture size are important in capillary flow across a fracture.
5.2 Electrical Resistance 
Increased concentrations o f water within the matrix o f a rock reduces the 
electrical resistance (Roberts, 2002). The measure o f electrical resistance proved to 
be a useful tool. In some o f the experiments, but not all, a drop in resistance was 
detectable just prior to the wetting front, which is an indication that capillary dispersal 
o f water is somewhat ahead of the visually determined wetting front. The initial 
resistance reading o f 2.56 X 10^ ohms just in front o f the visible wetting front may be 
attributed to a small amount present in front o f the wetting front. This water may be 
small in quantity and occupy a pathway through the matrix in front o f the main 
wetting front. As the matrix first began to saturate, electrical resistance readings 
dropped to -2.45 x 10^ ohms from dry rock conditions o f  less than 20.0 x 10 .̂ With 
continued saturation o f the matrix resistance readings closer to zero (0.16 x 10  ̂ohms) 
is an indication o f lower resistance and higher conductivity.
Lower resistance values in these experiments was attributed to greater matrix 
saturation. Resistance in the downstream block proved to be a useful tool for 
monitoring the effects on water dispersal due to intervention by the fracture. In 
experiments with and without fractures, resistance readings changed significantly. 
Lower resistance values were achieved earlier in the experiments without the 
presence o f fractures. If the fracture had sufficient areas o f narrow apertures.
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allowing a greater number o f cross-over points, electrical resistance values declined at 
a steady rate, but not as quickly as the non-fractured rocks. In the experiment where 
the contact along the fraeture was restricted to one point, resistance values for the R3 
to B3 terminals did not decline until six days after water crossed the fracture. It took 
an additional eight days for resistance values to drop across the R4 to B4 terminals. 
This is an indication that the water flow across the modified fraeture was at a 
significantly slower rate. Initial declines in resistance across the terminals one 
through four are more spread out along the time axis o f the graphs. This gap in 
decreasing resistance is attributed to delays in wetting front advancement. Wetting 
front advancement delays are attributed to the fracture and modification o f the 
fracture (Figure 5-1).
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Figure 5-1. Electrical resistance decreases early for the unfractured (U) rock and 
decreases last for the fracture with offset (FO). The time difference is attributed to 
slower wetting front advancements in the fractured rocks.
After the experiments, the rock was submerged in a tub o f water allowing 
additional matrix saturation. Resistance values dropped on the downstream block 
across the number four terminals R4-B4 from 0.89 to 0.76 mega-ohms. Additional 
drops in the upstream block were observed across the R l-B l terminals indicating a 
drop from 0.74 to 0.68 mega-ohms. The largest drop was recorded in the downstream 
block with the offset fracture. Resistance values declined across the R4-B4 terminals
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from a value o f 0.28 to 0.16 mega-ohms. Resistance values o f  the upstream block 
were minimal resulting in a 0.08 mega-ohm drop. These results indicate that the 
down-stream matrix failed to reach complete saturation over the course o f the 
experiment. Despite the submergence in a tub of water it is doubtful that the rock 
was at 100% saturation due to trapped air within the larger pore spaces o f the matrix. 
In order to obtain 100% saturation the matrix would require a vacuum to remove 
trapped air, which would allow water to fill the additional void spaces. This process 
may increase the porosity o f the rock by an additional 20% resulting in a total 
porosity o f 16.8 5 for the Shinarump Sandstone.
5.3 How Water Crosses a Fracture 
The apparent failure o f water to cross the fracture until saturation pressure o f  the 
upstream block was achieved is an indication o f weak contact between the two 
blocks. When a fracture is introduced into a matrix, the cementing agent that holds 
the grains together is broken but not the grains. This results in a separation o f the 
sand sized particles in the rock. Water must have a greater pressure gradient in order 
to build a meniscus to bridge across the grains. Fluid, in this case, is doing the job the 
matrix did prior to the introduction o f the fracture. Water was required to form and 
build a meniscus, which under saturation pressure, expanded outward and made 
contact with a particle on the downstream block no longer attached to the matrix.
The time lapse o f the wetting fronts initial contact with the fracture, and water 
crossing is an indication that the wetting front, despite its dark color, was not at full 
saturation.
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In the experiment where the fracture was offset, allowing one contact point, the 
rest o f the fracture remained dry. It is apparent that water must occupy the fracture in 
order to make contact with the downstream block and develop sufficient flow. Since 
the fracture had a wider aperture along its length, water could not occupy the fracture 
and form a meniscus sufficient in size to bridge the fracture. In this case, the majority 
o f the fracture remained dry throughout the month long experiment. When the 
fracture was not modified, water crossed it at three points. In this case, a greater 
portion o f the fracture was wet, which provided the downstream block with sufficient 
water to develop a wetting front. The portion o f the fracture with the narrowest 
aperture, in theory, should fill with water first. Once the fracture is filled, water may 
expand along the fracture, filling its length until it encounters a portion o f the fracture 
with a wide aperture.
5.4 Saturation o f Up-stream Sandstone 
A common result in these experiments is saturation o f the upstream block. 
Fractures temporally stopped the wetting front advancement, which forced water to 
fill larger pore spaces o f the upstream block. Even after water crossed the fracture 
and spread out across the downstream matrix, the upstream block retained water and 
remained saturated. A noticeable color difference was attributed to greater saturation. 
In all experiments, the presence o f fractures resulted in higher saturation o f the 
upstream block. Without the presence o f fractures, water would continue to spread 
out across the matrix, filling smaller pore spaces and avoiding larger ones. This 
process was noticeable due to a water film on the surface and sides o f the rock
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5.5 Fractures as Capillary Barriers and as Transport Pathways 
Fractures always posed as barrier to horizontal capillary flow. Each time the 
wetting front intersected a fracture it stopped advancing. The focus o f these 
experiments was to observe the initial wetting o f the downstream block. After water 
crossed the fracture, the rate o f dispersal in the downstream block was considerably 
slower due to pathway restrictions across the fracture. Each point where the water 
crossed the fracture it acted as a pathway, and greater pathway numbers resulted in 
larger dispersal o f water to the downstream block. As both the upstream and 
downstream blocks saturated, so did the fracture. Fractures with sufficiently narrow 
apertures eventually filled with water, and could act as a means o f water transport.
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER SIX
CONCLUSIONS AND RECOMENDATIONS
6.1 Conclusions
The experiments demonstrate the importance o f fractures. When water was 
applied to an unfractured slab o f Shinarump Sandstone, it traveled through the 300 
mm long slab in 88 hours. When the same rock was fractured and the two halves 
were pressed back together it required 104 hours for water to travel to the end o f the 
matrix. The time difference o f 16 hours was attributed to the introduced fracture. 
When the fracture was horizontally offset, flow was restricted to one possible contact 
point where water could cross the fracture. Water failed to produce a visible wetting 
on the downstream side o f the fracture after768 hours (32 days) (Figure 6-1).
These experiments demonstrate that the same rock will exhibit different fluid flow 
behavior. The differential flow is attributed to presence o f fractures, the aperture, and 
the number o f contact points where water may cross the fracture. Capillary flow 
across the fracture is dependent on aperture size and geometry. Given sufficient time 
and fluid pressure, water will cross a fracture if  the aperture is sufficiently narrow, or 
direct contact points exist. If these conditions exist, then water may build a meniscus 
and make contact with a block o f rock on other side o f the fracture.
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Figure 6-1. Plot o f three wetting fronts for the same sandstone slab. Unfractured,
introduced fracture and the fracture with vertical offset. In this chart, fractures 
restrict capillary flow and increase the travel time for the wetting front to reach the 
end o f the matrix. Offset o f the blue line starting above zero for the unfractured rock 
is attributed to wetting front concealment by the manifold. All three plots represent 
actual data.
The importance o f this work centers on fractured rock. Fractured rocks from a 
hydrological perspective are an important topic because rocks in natural settings are 
fractured. Fractures will act as unsaturated capillary barriers to flow, act as transport
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ducts during saturation, and trap or store liquids. Cracks, faults, and fractures vary 
from simple sets o f parallel linear features to complex patterns that intersect across a 
range o f angles. It is important to understand the impacts that unsaturated fractures 
have on water flow. The purpose o f these studies is to aid in the understanding o f 
fluid flow on the micro-scale. An expanded understanding o f micro-scale fluid flow 
processes may be applied to larger flow models on the macro-scale. Studies like this 
are important for the protection o f diminishing ground water supplies, especially in 
the southwestern United States. These water resources are a scarce commodity with 
an increasing demand due to economic growth in a semi-arid region with a 
diminishing supply. In addition to being scarce, these water resources are threatened 
from possible sources o f contamination, which may originate from toxic sites situated 
in fractured rock settings.
6.2 Recommendations for Future Studies 
Additional research in needed to observe wetting front behavior in a variety o f 
fracture orientations and with different rock types. In addition, fracture porosity 
changes as a result to hydrothermal alteration and secondary fluid movement which, 
often results in mineral deposition. Mineralization and alteration may change the 
permeability around the fracture, which will alter flow across these structures. 
Virtually all rocks are fractured to some degree. This thesis focused on fractures 
perpendicular to flow. Further research is needed to identify how variations in 
fracture geometry and rock type will impact flow. Fracture patterns vary according to 
rock type, the environment o f  formation, and post formation stress. Basalts my have
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different fracture geometries than limestone due to the hardness and the chemistry of 
the matrix. These factors promote uneven capillary flow. Proposed toxic waste sites 
will deposit material in facilities constructed as underground vaults or repositories in 
mountains that are highly fractured. These facilities will store hazardous chemicals 
within fractured rocks o f varying type. It is important to understand how capillary 
forces in fractured rocks o f various compositions behave.
This information is essential for the protection o f water resources in areas where 
toxic substances may infiltrate the water table. Protecting water resources will 
require qualified process modeling on the scale o f  a basins or mountain range. 
Specific drainage basin modeling will begin with a micro-scale understanding o f 
water flow and how fractures influence water flow. Detailed flow process modeling 
with applications towards fractured rocks may help in the protection and management 
o f water resources especially in semi arid regions.
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APPENDIX A 
SYMBOLS USED
°c Degrees
AP Pressure Difference
e Hydraulic Aperture
I Cumulative Infiltration
K Hydraulic Conductivity
k Intrinsic Permeability
mm/hr Millimeters per Hour
Q Flow Rate
Pcap Capillary Pressure
R Radius
Ri Radii o f Curvature
S Sorptivity
V Square
p Fracture Perimeter
Approximate
X Surfact tension o f water
0 Moisture Content
P Dynamic Viscosity
Y Specific Gravity
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APPENDIX B
DATA 9-16-06 N F: UNFRACTURED ROCK EXPERIMENT RECORD
A B D E F G
1 Record Actual Time/D Cumulai ve Time (min) Im e  (hfs) Scale W e ^ h t (q) A dvancem ent (mm) Wett'oq Front Position fT)
2 7:30 am/1 60 1 0.35 12 12
3 2 8:30 am/1 120 2 0.76 13 25
4 3 9 30 am/1 180 3 1.26 11 34
5 4 10:30 am/1 240 4 1.61 7 42
6 5 11:30 am'1 300 5 1.94 6 49
7 6 12:30 am/1 360 6 2.38 7 56
e 7 1;3C prr/1 420 7 2.27 5 61
& 8 2:30 pn’./l 480 8 3.13 4 65
10 9 4:30 pn’/l 600 10 3.98 10 75
11 10 6:30 pn /1 720 12 4.7 9 84
12 11 8 30 pm/1 840 5.45 8 92
13 12 10:30 pnVI 960 16 6.21 8 too
14 13 2 30 am/2 1200 20 7.73 IS 115
\ b 14 6:30 arr/2 1440 24 9.31 18 133
16 15 10:30 afTv2 1680 28 11.01 12 145
17 16 2:30 pm/2 1920 32 1264 14 159
18 17 6:30 pm/2 2160 36 13.65 12 171
1 J K M N 0 P 0 R S T U
1 iR to  1B 2R to 2B 3R to 3E RECORD 4R to 46 1 R to 2 R IR to 3R IR to  4R IB  to 2B IB to 33 IB to 4 8
2 1
3 2
3
6 £
7 6
8 7.07 7
9 0 33 e
1C 0 66 9
11 0 8 5 to 1C 46
12 C.7 7.71 11 3.65 1 .8 '
13 0 4 6 0 4 3 12 0.99 0.45
14 0.17 0.11 13 0 12 0.03
15 C 13 0 51 !4 0.2 0.24
16 0 14 0 46 16 0 13 0.15
17 0 13 0.61 16.41 •6 0.18 2.68 0.41 £.51
18 C 13 0 42 6.82 17 0.06 0 25 0.46 4 36
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DATA 9-16-06-NF:
UNFRACTURED ROCK EXPERIMENT RECORD CONTINUED
A B C D E F G
19 18 10:30 pm'2 2400 40 15.2 14 166
20 19 2:30 am/3 2640 44 17 8 194
21 20 6:30 am/3 2880 48 18.86 5 198
22 21 10:30 anV3 3120 52 20.55 11 209
23 22 2:30 pm/3 3360 56 21.99 12 223
24 23 6 30 Dm.'O 3600 60 23.38 10 231
2£ 24 10:30 pm/3 3840 64 25.18 9 239
26 25 2:30:00 am/4 4080 68 26.91 11 250
27 26 6:30 am/4 4320 72 28.65 10 260
28 27 10:30 anv'4 4560 76 30 18 11 271
29 28 2.30 pm.'4 4800 80 31.58 8 279
3C 29 6:30 pm/4 5C50 84.16666667 32.95 9 288
31 30 10:30 pnV4 6290 88 16666667 34.6 10 298
32
33
34
35
36
3/
J < M N 0 P Q R S T U
; s 0 C2 0 35 5.11 !8 0.06 0.4 0.52 1.8
2C 0 15 0.3 1 15 '9 C.17 C33 0.46 1 19
21 C U 021 0.55 20 C.19 0 18 0.55 0 79
22 0 IS 0 08 0 7 3 21 0.43 0 32 9.22 0.44 1 04
23 C 17 0.04 0.25 22 15.25 C41 0.28 2.33 0.41 0 53 12 67
24 0 1 0 1 0.35 23 5.75 C47 C 12 0.87 0 36 0 51 4.39
25 CCI 0.04 0.24 24 5.44 0 4 4 0 02 0.38 0.52 0 38 4.49
26 0 02 0.09 0.05 25 1.78 0 41 0 2 5 03 5 0.41 0 36 0.95
2T QGl D 12 0.27 26 0 6 5 C.55 0 57 0.44 0.45 0 38 0.96
28 0 0 13 0.3 27 0.31 G.58 0.68 0.53 0.48 0 4 5 0.26
29 0C5 0 13 0.2 ' 28 0.27 0.63 0.75 0.54 0.51 0 58 0.27
30 C.17 0-15 0.2 29 0.01 0.7 C.75 0.35 0.47 0.52 0.3
31 0 05 0 07 0.24 30 0.32 0.72 0.03 0.12 0.7 0 6 7 0.52
32
33
34
35
36
3 /
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9-16-06-F: RECORD FOR THE FRACTURED ROCK
A 3 C D E F G
1 Record Actual Time/D Cumulative Tim e (m ir) Time m Hours Scale W eight in Grams Scale W eight (g) Advancement (mm)
2 1 6:30anVI4 60 1 0.9 0.3 0
3 2 7:3G am/14 120 2 2.1 0.7 16
4 3 8:3C am /% 180 3 3.24 1.08 8
5 4 9:30 am/14 240 4 4.53 1.51 7
6 5 10:30 am/14 300 5 6 76 1.92 8
7 5 11:30 am./14 360 6 6.56. 2.32 5
8 7 12:30 pm/14 420 7 8.13 2.7? 6
9 8 1:30 pm/14 480 8 9 33 3 11 6
10 9 2:30 pm/14 540 9 10 56 3.52 5
11 10 3:30 pm/14 600 10 11-79 3.53 5
12 11 4:30 pm/14 660 M 12.56 4.32 3
13 12 5:30 pm/14 720 12 14.1 4.7 4
■4 13 7.30 pm/14 840 !4 16.44 5.48 6
!£ 14 9.30 pm/14 960 '6 18.63 6.21 10
Î6 15 11:30 p m /14 ÎC80 18 20.91 6.97 9
!7 IS 1:30 pnv'IS !320 22 23.25 7.75 8
’ 8 17 5 30 pm/15 1560 26 26.07 8.69 14
H J K M N 0 P C R 1 S T
1 W e ttr g  Front P o s  tion (T) IR to  16 2R to  26 3R to 33 RECORD 4R  to 4 6 1R to 2R I R to  3R 1 R tc 4 R IB  to 2 6  IB to 36 IB to  4 0
0 1
3 16
24 3
£. 31
6 35 5
7 45 e
8 50 4.31 7
5 56 0.46 8
10 61 0.12 5
11 66 C.56 10
12 65 1.04 11
13 7.3 0 .93 12
14 75 0.8 13
15 85 0.36 14 10.35 15.51
16 58 0,32 7.5 15 0.67 7.25
17 ice 0.29 1.74 18 ■OS 2.06
18 120 0.33 0.13 17 049 .. 0 7 5
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9-16-06-F: RECORD FOR THE FRACTURED ROCK CONTINUED
A 3 C D E F G
19 18 9 :30  p m /1 5 1800 30 32-43 10.81 1 î
2C 19 1:30  p rr /1 5 2 040 34 37 .17 12.39 12
21 20 5:30  p m /15 2 280 38 4 2 .1 5 14 .05
22 21 8 :30  p m /1 5 246 0 41 4 5  63 15.21
23 22 9.30  p m /15 2520 42 46  47 15.49 5
24 23 10:30  pm /15 2 580 43 4 7 .5 5 15.85 6
25 24 1:30 a m /1 6 276 0 46 4 8 .4 5 16.15 5
26 25 2 30 a m /1 6 2 820 47 52.14 17.38 5
27 25 3:30  a m /1 6 2 880 48 53-34 17.78 4
28 27 5:30  am /1 6 3000 50 55 £3 18.51 4
29 28 9  30  a m /1 6 3 240 54 SC-33 20.1 ! 10
30 29 1:30  pm /16 3 300 55 65-34 2 1 .7 8 6
31 30 5 30 pm /16 3 540 59 70  05 23 .3 5 7
32 31 9 30  pm /1 6 3 780 63 74 .7 24  9 10
33 32 1:30 am /1 7 4C20 67 79  11 2 6 .3 7 7
34 33 5:30  a m /1 7 4 260 71 6 3 .7 9 27 .9 3 7
35 34 9:30  a m /17 4 5 0 0 75 88 56 29 .5 2 9
36 35 1:30 pm /17 47 4 0 79 93  57 3 1 .1 9 9
H J K M N Û P G R S T
■9 131 0.35 0.67 18 0.33 0.15
20 143 0.35 0 6 8 19 0.38 C.5
21 0.36 0 6 9 20 0.44 0.49
22 0.51 0.67 21 0.46 0.53
23 î45 0.31 0.69 22 0.42 0.63
24 155 0 3 3 0.64 23 0.46 0.61
25 157 0.31 0.3 24 0.51 - 0.72
26 160 0.27 0.62 25 0.54 0.71
27 164 0.15 0.2 26 0.53 - 0.74
20 168 0 25 0.64 27 0.56 0.95
25 176 0.16 0.74 28 0.53 - 0.94
30 186 0.03 0 5 9 29 0 4 7 .. 1.01
31 193 0.06 0 .5 ' 30 0.51 0.5 1.09
32 2C3 0 0 5 0.43 2.58 31 0.58 0.73 _ 1 09 0.99
33 211 0.18 0 3 7 0.46 32 0.57 C 64 1 1 0.35
34 218 0.28 0.3 0.26 33 0.55 0 4 8 1.13 0 6 5
35 ■ 227 0.19 0 2 3 0  01 34 3.63 0.45 1.’2 0.45
36 236 0 2 7 0.31 0.01 35 0.49 0.41 ! 13 0.52
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9-16-06-F: RECORD FOR THE FRACTURED ROCK CONTINUED
A 3 C D E F G
37 35 5:3C ptTU'17 4983 83 98.46 32.82 5
38 37 9:3C pni.''17 6220 87 103.11 34.37 6
39 38 1:3C am/18 5460 91 107.61 35.87 7
4C 39 9:3C am/18 6940 99 114.33 38.11 16
41 40 1:30 pm/18 5180 103 121.98 40.66 6
42 4; 5:30 pm/16 6420 107 126.81 42.27 7
43 42 9:30 pm/18 6660 111 131.4 43.8 8
H J K M N 0 P Q R S T
37 241 0.4 0.29 0.18 36 0.44 0.41 406 1.12 0.47
38 247 [64 0.11 1.06 37 0.18 0.08 0.67 09 0.43
39 264 0.61 0.07 1.04 38 •7.32 0.21 0.09 0.63 0.89 0.26 16.36
40 269 0.73 0.02 0.77 39 0 97 0.28 0.2 0.35 0.99 0.05 0.24
41 275 0.7 0.02 0.77 40 1.16 0.28 0.15 0 44 3.96 0.14 0.5
42 282 0.6 0.03 0.62 41 1 0.28 0.12 0 46 1.01 0.31 0.35
43 290 0.74 00: 0.57 42 0.89 0.29 0.11 0.4 1.01 0.38 0.32
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9-27-06-OS: DATA FRACTURE OFFSET
A S C D E G
1 Record Acfcjal Time/D C um ulative Tim e (min) Time Hours S ca le  W eight (q) A d v an cem en t (m m ) W etting F ront P osit on  (T)
2 1 11:00 pnV27 60 1 -2 .96 0 0
3 2 7:00  am /26 540 9 -0 .07 44 44
d 3 1 1 :00 am /29 780 13 1.47 14 59
5 4 3:CC pm.C6 1020 17 3 18 16 75
6 5 7 00 pm /26 :2 6 0 21 4 73 2 0 95
7 6 r 1 00 pm /26 1500 25 6.26 16 114
e 7 7:00 am /29 1980 33 9.37 31 145
s $ l1 :0 0 an V 2 9 4 200 70 1 1.01 0 145
1C 9 3:00 pm /29 4440 74 12.55 0 145
! 1 10 7:00 p m '29 4 680 78 14,07 11 156
12 11 11:00 pm/29 4 920 82 15.57 6 161
13 12 7 00  am '3 0 5400 90 18.67 8 169
13 11 :G0 am '30 5640 94 20-2 2 172
16 14 3:00 pm /30 6880 98 21.78 5 177
16 15 11:00 pm '30 6 360 106 24.87 8 182
17 16 7:00  a m '31 5 840 1 14 27.83 4 186
’9 17 3 00 pm/31 7320 122 31 15 4 205
2C 19 7 CO pm.'3l 7660 126 32.66 1 206
1 J < M N 0 P 1 0 R S T U
1 1 R to  IB 2R  to  2 6 3R to 3B R ECO RD 4R  to  4 8 1 R to 2 R 1 R to  3R 1R to 4R i a t o 2 B 1 8 to 3 B IB  to  4 8
2 1
3 2 - -
4 C 97 3
5 0 03 4
6 0 22 18.38 5 7.9 14.92
7 0.2 1 35 6 0 0 7 1.39
8 0 .3 C.2 7 0.25 0.58
9 C 33 0.16 8 0.17 0.19
1C C 53 0 35 9 0.18 0.09
11 C 4 7 C.3 10 0.31 0.01
12 C 51 0 2 6 0.39 0 0 3
13 0 58 0 28 '2 0 4 6 0.03
14 0.56 0 25 13 0.46 0 0 5
15 C 51 0 2 1 14 0.44 O.CG
16 0 .5 9 0.26 •5 0 .52 7.29 0-11
17 0 54 0 52 16 0.27 4  04 0.1 - -
19 0 69 0.46 "7 0.44 2 12 0.16
20 0.54 0.29 18 0.21 G 63 0  04
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9-27-06-OS: DATA FRACTURE OFFSET CONTINUED
A B C D E = G
21 19 1 1 :0 0  pnV31 7 800 13C -5 .1 7 0 20 6
22 20 11:00  pnV I 9 2 4 0 154 4  19 10 21 6
23 25 11 :00  p m /2 10680 178 13.69 9 22 5
24 22 11 :00  pnV3 1 2 120 2 02 23.C 8 7 2 3 2
25 23 11:00  pnV4 13560 2 26 -6 .7 2 8 2 4 0
26 2 4 11 :G0 pnV5 1 5000 250 3 .0 3 0 25 4
27 2 5 11 0 0  pm /6 1 6 440 27 4 0 25 4
2 0 26 1 1 :00  pm /7 17880 2 98 0 254
2 9 27 11:00 pm /0 1 9320 322 0  3 0 25 4
30 26 11 :00  p m /9 2 0 7 6 0 34 6 9 .9 6 8 26 2
31 29 11:00  pnVIO 222C 0 37C 19.47 0 2 62
32 30 11 :00  p m /1 1 2 3 6 4 0 394 5 8 .3 6 0 2 62
33 3 ! 11:00  p m /1 2 2 5 0 8 0 4 1 8 -4 8 .9 2 0 2 6 2
34 32 11:00 p m /1 3 2 6 5 2 0 44 2 5 26 7
35 33 11:0D p m ' 14 2 7 9 6 0 46 6 -2 9 .5 7 0 2 67
36 34 1 1 :00  p m /15 2 9 4 0 0 49C -5 8 .3 8 0 26 7
37 35 11:00 p m /IS 3 0 8 4 0 d M -4 8  74 0 26 7
30 36 11:00  p m / 17 3 2 2 8 0 538 -3 9 .2 4 0 26 7
H 1 J K M N 0 P 0 R S T
21 0  48 0 28 19 G 15 10.27 0 02
22 1.28 0 .2 8 !2 18 20 1 77 3 .2 ! C Cl 5.48
23 0 .6 6 0.28 5.42 21 0 .3 6 0 .7 8 D.C4 !.62
24 1 .1 ! 0 .26 0 .5 22 0 .7 5 0 .0 6 0.12 0.96
25 1.28 0 .2 8 C 47 23 0.87 0 .2 ! C 14 0.18
26 1 3 3 0  31 D 55 24 C 87 0 3 0 .15 1.21
27 1.25 0 3 C 16 25 0 .8 2 0 .4 3 C 15 1.26
28 1.23 0 .34 0 .5 6 26 C.82 0 .2 2 C 15 1.33
29 1.24 0 .65 C 31 27 0 61 0 .0 8 7 .2 3 0.1 1.45 12.92
30 1.2! 0 .6 7 0 4 3 28 8 .3 8 0 61 0 .0 9 0 .5 3 0 12 1.29 4 .1 6
31 1.04 0.26 0 .6 8 29 2  68 0.47 0.04 0 .6 7 C 13 1.12 C.12
32 1.22 0.72 0 37 30 1 .72 0 .4 9 0 .0 6 0.31 0 14 1.36 1.1
33 1.25 0.76 0 16 31 1.35 0  48 0 .0 9 0 .3 2 C 17 1.25 1.47
34 1.26 c e C 16 3 2 C 44 0.07 .31 C.16 1.35 1.64
35 1.22 0 .87 0.19 33 1 .12 0.32 0 .0 4 0.3 0 .15 14 1 1.6
36 1.27 c  e 0.2 34 0 .6 9 0 44 0 .6 3 0.04 0 11 1.43 1.63
37 1 .3 9 0 .7 8 0 .3 2 35 1.13 0 .5 0  13 0 .21 0 .2 Î.43 1.48
38 1.44 0 .7 3 C.24 36 1.25 0 .4 5 0 .1 6 0.1 C 36 1 37 1.56
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9-27-06-OS: DATA FRACTURE OFFSET CONTINUED
A 3 C D E F G
39 37 11:00 p m 'IS 33720 562 -29.56 5 272
4G 38 11:00 pmU9 35160 566 -61.76 0 272
41 39 11:00 pnV20 36600 610 -54.49 0 272
42 40 11:00 pm '2 ! 38C40 634 -45.01 5 285
43 41 11:00 pnv'22 39480 668 35.46 4 290
44 42 11:00 pm '23 40820 682 -116.54 0 286
45 43 11:00 pm/24 42360 706 -107 84 0 286
46 44 11:00 pm'25 43800 730 -98.37 3 289
47 45 11:00 pm '25 45240 754 0 269
48 46 11:00 pm/27 46680 778 -88.9 0 269
49 47 11:00 pm.-'ZS 48120 802 -120.01 0 289
5C 48 11:03 pm/29 49560 626 .1 1 1 3 0 289
51 49 11:00 pmOO 51000 850 -101.75 0 289
52 50 lUO O pm O î 52440 874 -92.38 0 289
53 51 11:00 pm/1 53880 898 -82.83 0 289
64
H 1 J K L M N O P G R S T
39 :.5 0.8 C 23 37 1.52 0 4 2 0 .1 8 0 .1 2 C 39 : 46 1.63
40 1 54 ■.08 0 26 36 1.07 0  34 0.21 0.14 0 23 1.36 1 65
41 1.56 ■'.35 0 31 39 1.22 0.22 0.26 0 .3 6 C.C5 T.28 1 63
42 1.54 1.47 0.2 40 1.56 0 .2 3 0 .3 ! 0 .3 3 0 02 1 .27 1.61
43 1.66 1.34 0.1 41 0 .2 8 0 62 0.34 0.27 Q.C4 1.32 1.66
44 1 62 1.25 0 16 42 0 .7 8 C 37 0.35 0 .3 3 0 12 1.51 1.52
45 1 Oi Î.26 0 04 43 1.27 0 43 0.34 0 .2 3 C 08 1 4 1 41
46 1.63 1.38 0.18 44 1.26 0.34 0 .3 5 0 .1 9 0.07 1.53 1.31
47 1.63 :.3 8 0 18 45 1.26 0 34 0 .3 5 0.19 0 07 1.53 1.31
48 1.68 1 5 0 08 46 0.85 0 .3 9 0 .3 9 0.04 0.06 1.49 1.4
49 1 73 :.4 6 0 18 47 1 0 2 0 4 9 0 .4 2 0.04 0 06 1.51 1.36
60 1 75 •.49 0 12 48 111 0 47 0.42 0  04 0 02 161 1.47
51 1.72 '.4 8 0 .6 49 0 .6 9 C 51 0 .3 2 C.C6 0 1.59 1.36
52 1.77 ! .66 0.2 50 0.64 0 47 0 .2 6 0.04 C 02 1.44 1 35
53 1.77 1.55 C 15 61 0.28 0 38. 0 .34 0 .3 6 0 1.43 1.27
54
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX C
SATURATION AND ELECTRICAL RESISTANCE
Saturation of Matrix Dry Weight Wet Weight Area Saturation
14.5 982.6 993.4 300,000mm2 14.5
15.7 988 997.6 300,000mm2 15.7
14.6 985.4 986.4 300,000mm2 14.6
14.1 980.3 990.6 300000mm2 14.1
Resistance Sat RI B1 R2 B2 R3 B3 R 4B4 RI R2
Fracture Off Set 0.68 0.7 0.7 0.76 0.24
Fracture 0.61 0.01 0.47 0.69 0.21
No Fracture 0.04 0.01 0.11 0.3 0.61
Resistance Sat RI R3 RI R4 B1 B2 B1 B3 B1 B4
Fracture Off Set 0.21 0.25 0.01 0.88 0.99
Fracture 0.8 0.1 0.71 0.16 0.32
No Fracture 0.71 0.8 0.1 0.5 0.39
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